The differentiation of follicular dendritic cells (FDC) is essential to the remarkable microanatomic plasticity of lymphoid follicles. Here we show that FDC arise from ubiquitous perivascular precursors (preFDC) expressing platelet-derived growth factor receptor b (PDGFRb). PDGFRb-Cre-driven reporter gene recombination resulted in FDC labeling, whereas conditional ablation of PDGFRb 
PrP
+ FDC capable of trapping immune complexes and recruiting B cells. Spleens of lymphocytedeficient mice contained perivascular PDGFRb + FDC precursors whose expansion required both lymphoid tissue inducer (LTi) cells and lymphotoxin. The ubiquity of preFDC and their strategic location at blood vessels may explain the de novo generation of organized lymphoid tissue at sites of lymphocytic inflammation.
INTRODUCTION

Follicular dendritic cells (FDC) engage B cells in germinal centers
(GC) of secondary lymphoid organs (SLO) with processes laced with immune complexes (IC) (Klaus et al., 1980; Mandel et al., 1980; Tew et al., 1982) . B cells bearing high-affinity receptors for immune-complexed antigens establish contact with FDC, which in turn provide survival signals. FDC also supply milk-fat globule epidermal growth factor 8 (Mfge8, identical with the FDC-M1 antigen), which controls the engulfment of apoptotic B cells by macrophages (Hanayama et al., 2004; Kranich et al., 2008) .
The origin of FDC is incompletely understood. FDC resemble fibroblasts ultrastructurally and appear to derive from local radioresistant precursors (Alimzhanov et al., 1997; Blä ttler et al., 1997; Cyster et al., 2000; Humphrey et al., 1984; Imazeki et al., 1992; Kamperdijk et al., 1978; Yoshida and Takaya, 1989) . During chronic inflammatory reactions, which often result from impaired pathogen clearance (e.g., hepatitis C) or autoimmunity (e.g., rheumatoid arthritis), nonlymphoid tissues undergo reorganization into tertiary lymphoid tissues (TLT) (Aloisi and Pujol-Borrell, 2006; Drayton et al., 2006; Mebius, 2003) . Similarly to SLO, TLT consist of highly structured T cell areas, B cell follicles, and FDC. TLT arise almost anywhere in the body, implying that FDC precursors may be ubiquitous.
Here we show that FDC are derived from ubiquitous perivascular PDGFRb + precursors. Although the early perivascular progenitors are generated by a lymphotoxin (LT)-independent process, further maturation requires signaling by LT and tumor necrosis factor (TNF) family members. Beyond its relevance to SLO organogenesis, these findings help explaining the rapid generation of specialized TLT at virtually any vascularized site of chronic inflammation.
RESULTS
While investigating the cellular sources of splenic Mfge8 (FDC-M1), we noticed that Mfge8 transcription was not restricted to mature FDC. It extended to cells located around marginal sinuses (MS) and within splenic T cell zones ( Figure 1A ) (Kranich et al., 2008 ) that often displayed two or more dendritic protrusions. In situ hybridization (ISH) for the FDC-associated chemokine CXCL13 (BLC) yielded similar patterns ( Figure 1A ). Mfge8 + cells coexpressed MAdCAM1, ICAM1, and BP-3 (bone marrow stromal antigen 1) ( Figure 1B ; see S1A and S1B available online). We then tested for the presence of CD21/35 and FcgRIIb, which are instrumental to IC-trapping by FDC. However, no CD21/35 ( Figure 1C ) and very little FcgRIIb were detectable by immunofluorescence (IF, Figure S1C ). The prion protein (PrP), which is abundant on FDC, was also not detected ( Figure S1D ). Because they possessed some FDC-like properties yet lacked IC-trapping receptors, we considered these cells as immature and termed them ''preFDC.'' Activated macrophages can express Mfge8 (Hanayama et al., 2002) . We therefore investigated whether splenic Mfge8 originated from macrophages populating the marginal zone (MZ). However, the phagocytic markers ERTR-9 and MOMA-1 failed to colocalize with Mfge8 (Figures S1E and S1F). Moreover, reciprocal bone marrow (BM) chimeras between wild-type (WT) and Mfge8 À/À mice had shown that all
Mfge8 transcribing cells within SLO were stromal and radioresistant (Kranich et al., 2008) . Hence hematopoietic cells are not a source of Mfge8 within SLO.
preFDC Development Requires LTbR but Not TNFR1 Signaling Sustained activation of the lymphotoxin beta receptor (LTbR) and the tumor necrosis factor receptor 1 (TNFR1) is required to induce and maintain FDC (De Togni et al., 1994; Fü tterer et al., 1998; Le Hir et al., 1995 Pasparakis et al., 1996) . ISH analyses of spleens from mice lacking TNFR1 ( Figures 1D, 1E , and S2A-S2C) or TNF alpha (Tnfa À/À ; data not shown) for Mfge8
and Cxcl13 revealed preserved preFDC in the MS and white pulp despite the absence of mature FDC and abnormal accumulations of CD21/35 + B cells next to the MS ( Figure 1D ; Ngo et al., 1999) . In contrast, ablation of LTbR or of its ligands (Lta
) decimated the preFDC population to single scattered cells within the disorganized white pulp ( Figures 1D, 1E , and S2A-S2C).
These results suggest that the maintenance of preFDC relies on LTbR and their further maturation depends on TNFR1 signaling. We therefore treated WT mice with a soluble LTbR-Ig immunoadhesin (Force et al., 1995; Mackay and Browning, 1998; Ngo et al., 1999) . Upon intravenous treatment with LTbR-Ig, Mfge8 expression was profoundly reduced in MS and T/B cell areas of these spleens compared to isotype-treated mice, confirming that LTbR signaling is also required by preFDC ( Figure S2D ). preFDC in Mice Lacking Lymphocytes FDC maturation strictly requires B cells expressing LTab (Fu et al., 1998; Tumanov et al., 2004) . To define whether preFDC undergo B cell-dependent maturation stages, we analyzed Mfge8 expression in mMT D mice that lack B cells (Kitamura et al., 1991) and Rag1 À/À mice that lack B and T cells (Mombaerts et al., 1992 ( Figure 2A and S3B; Ngo et al., 2001) . We therefore investigated spleens of double mutants for Rag2 and the common cytokine receptor gamma chain (Rag2
) lacking B, T, and natural killer (NK) cells (Goldman et al., 1998 Figure S3D ).
Rag2
+ cells clustered along vessels stained for smooth muscle actin (SMA) and tyrosine hydroxylase (TH), reflecting innervated splenic arterioles ( Figure S3E ). Even in fully developed spleens, some Mfge8 + cells remained associated with central arterioles ( Figure S3F ). We then assessed the transcription of genes associated with FDC and/or LTbR activation (Huber et al., 2005) (Figures 2A-2D ). We suspected this to be caused by a further reduction in LTbR signaling. Indeed Lta mRNA was lower in Rag2 À/À gc À/À spleens (p < 0.05, Figure 3A) . Also, Tnfa transcripts were slightly reduced (n.s., Figure 3B ). We then treated Rag2 À/À gc À/À mice with an agonistic LTbR antibody (Rennert et al., 1998) . Within 24 hr, splenic Mfge8 was upregulated compared to isotype-treated mice ( Figure 3C ). (Ware et al., 1992) . We therefore depleted NK cells from Rag1 À/À mice using anti-NK1.1 antibodies (Strick-Marchand et al., 2008) , and confirmed depletion by flow cytometry (isotype-treated mice 49 ± 8, anti-NK1.1-treated 0 ± 0% NK1.1 + DX5 + NK cells; Figure S3H ).
NK
We also observed a slight rise in DX5 + single positive cells in NK cell depleted mice (control: 2.0 ± 0.4%, NK1.1 depleted: 7.5 ± 1.6%; Figure S3H ). These cells could either be few remaining NK cells unable to bind NK1.1 antibodies due to competition with the NK1.1 antibody used in the treatment, or non-NK DX5 + cells that have increased as a result of the treatment. Mfge8 expression (qPCR and ISH) remained unaltered compared to isotype-treated mice ( Figure 3D ), indicating that NK cells are dispensable for Mfge8 induction and no relevant source of LT.
Lymphoid tissue inducer (LTi) cells can also express LTab. Embryonic LTi are essential for the induction of various SLO, yet have no impact on splenic development (Cupedo et al., 2004; Eberl et al., 2004; Finke et al., 2002; Mebius et al., 1997; Zhang et al., 2003) . Adult LTi cells were observed in spleens of WT, Rag1
, and Rag2 À/À mice (Kim et al., 2008; Takatori et al., 2009 ). However, although Rag2
residual LTi cells, they are numerically reduced and express diminished levels of stimulatory molecules (Takatori et al., 2009 ). Total LTi cell (B220
were significantly lower than in Rag1 À/À mice ( Figure 3E ) and LTispecific CD30 ligand (Cd30l) mRNA was profoundly reduced ( Figure 3F ), suggesting an involvement of LTi cells in the generation of Mfge8 + cells. We therefore crossed Rorc(gt) À/À mice, which lack LTi cells (Eberl et al., 2004) , with Rag1 À/À mice.
Although Rorc(gt) À/À mice showed normal splenic organization and localization of mature Mfge8 + FDC ( Figure 3G ), Figure 4A ), or transferred WT splenocytes (data not shown; Kapasi et al., 1993) . By transferring BM, the spleen was supplied continuously with physiologic numbers of lymphocytes, whereas the total splenocytes transfer was used to examine the behavior of perivascular preFDC responding specifically to mature lymphocytes. The use of Mfge8 À/À BM ensured that induced Mfge8 + cells were indeed host-derived. At day 3 after BM transfer, we observed an influx of B and T cells at sites of Mfge8 expression. Mfge8 + cells were further induced at the lymphocyte entry points ( Figure 4A , top row). At day 13, many Mfge8 + cells populated the perivascular areas and engaged in various stages of follicle formation ( Figure 4A , bottom row). Transfer of WT BM and splenocytes yielded identical results. Thus, we can conclude that mature lymphocytes, probably B cells, are sufficient to induce expansion of preFDC and differentiation into FDC.
Rag1
To confirm these findings in normal splenic ontogeny, we assessed postnatal (P) development in WT mice. At day P0 and P1 no splenic Mfge8 + cells were identified (data not shown). 1.00 
, and Rag2
(qPCR, n = (2-4) 3 3 technical replicas [here and thereafter in qPCR measurements]). Statistics (here and thereafter): unpaired t test; n.s., not significant; *p < 0.05; **p < 0.01; ***p < 0.001.
By P2, along with an influx of B and T lymphocytes, low Mfge8 expression was detectable in situ and Mfge8 + cells enclosed vascular structures ( Figure S4A ; Balogh et al., 2001 ). CD21/35 expression remained low during early postnatal stages, reflecting the influx of immature CD21/35 low B cells (Loder et al., 1999) . Stronger expression of Mfge8 and CD21/35 was found at P10, when defined white pulp areas had been established ( Figure S4B ). Typical CD21/35 + FDC networks as well as segregated B cell follicles and T cell zones were observed by P14 ( Figure S4C ). These observations suggested a vessel-associated origin of FDC. Maintenance of blood vessels depends on mural cells residing in the outer vessel wall (Adams and Alitalo, 2007) , which consist of pericytes directly contacting the vascular endothelium
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and vascular smooth muscle cells (vSMC) surrounding vessels. Although pericytes and vSMC differ in their morphological appearance and localization, they share the expression of platelet-derived growth factor receptor beta (PDGFRb) and chondroitin sulfate proteoglycan 4 (NG2), vSMC furthermore express SMA (Adams and Alitalo, 2007; Armulik et al., 2011; Gaengel et al., 2009) . Mfge8 is present on retinal pericytes, and appears to positively regulate PDGFRb signaling (Motegi et al., 2011a (Motegi et al., , 2011b . Furthermore, T zone reticular cells (TRC) wrap blood vessels in a pericyte-like fashion in spleen and lymph nodes (Gretz et al., 1997; Link et al., 2007) .
To Figure S4H ). We then performed co-IF stains of mural cell markers with Mfge8 protein on WT splenic sections. Whereas mature FDC did not express any of these markers, preFDC of the MS colocalized with PDGFRb, and SMA staining, but not NG2 (Figures 4B, S4D , and S4E) and were positioned along IB4 + MS vascular endothelium ( Figure S4F ).
We then asked whether mature FDC express low levels of PDGFRb undetectable by IF. By flow cytometry, FDC are mostly restricted to a stromal (CD45
À GP38 À cell population (Link et al., 2007 Madisen et al., 2010) or to a lacZ reporter (R26R) (Foo et al., 2006) . tdTomato and LacZ were primarily observed in highly vascularized areas of the spleen (red pulp, marginal sinus, and central arteriole) (Figures 4D and S4K ). Crucially, both reporter genes were present within the white pulp, particularly in areas containing mature FDC. Confocal imaging showed cellular colocalization of tdTomato and Mfge8 + FDC (Figure 4 We then conditionally ablated the mural cell lineage from mature spleens. For this purpose we interbred Pdgfrb-Cre mice with iDTR mice carrying a diphtheria toxin (DT) receptor gene preceded by a loxP-flanked stop cassette (Buch et al., 2005) . Cre expression allows selective depletion of DTR-expressing cells upon DT treatment. Indeed, FDC networks were massively reduced after ablation of PDGFRb-derived cells by a 3-day drug treatment ( Figure 5A , second row). The depletion had dire consequences on the overall organization of the B cell follicles as well: only remnants could be observed after DT treatment. GP38
+ follicular reticular cells were also affected, though to a lesser degree ( Figure S5B ). Pdgfrb-Cre + iDTR + mice that had not been exposed to DT, and DT-treated Cre À iDTR + littermates, maintained a normal splenic microarchitecture ( Figure 5A , top row).
FDC Precursors Are of Stromal Origin, Sessile, and Not Restricted to Lymphoid Organs
If FDC originate from ubiquitous PDGFRb + perivascular cells, local precursors from any vascularized organ should be able to differentiate into FDC. We investigated this question by studying ectopic TLT at sites normally devoid of FDC (liver, kidney, and white adipose tissue).
Activation of LTbR is the main driver of FDC differentiation. To stimulate maturation of precursors in nonlymphoid organs, we subjected WT mice to a treatment with agonistic anti-LTbR antibodies and compared the relative expression of Mfge8, Cxcl13, Vcam1, Icam1, Madcam1, and Pdgfrb to isotype-treated mice ( Figure 5B ). In agonist-treated livers, Mfge8, Cxcl13, Vcam1, and Icam1 were upregulated, whereas Pdgfrb was reduced. Madcam1 remained below the detection limit in either treatment group. In kidneys and fat tissue Mfge8, Cxcl13, Vcam1, Icam1, and Madcam1 were also found to be upregulated.
We then directly tested the hypothesis that FDC precursors exist in nonlymphoid organs. Kidneys of RIP-Lta transgenic mice develop follicular nephritis due to renal LT overexpression (Picarella et al., 1992) . We transiently depleted RIP-Lta mice of FDC by administration of LTbR-Ig or isotype control (n = 4-5 for each group). Mice were then lethally irradiated to deplete any kidney-resident hematopoietic cells; one kidney from each mouse was analyzed histologically to confirm FDC depletion, and the second kidney was transplanted into prion protein deficient mice (Prnp À/À ) (Bü eler et al., 1992; Tian et al., 2010) (Figure S5D) . The reappearance of FDC in transplanted kidneys was studied using PrP, which is highly expressed by FDC, as a histogenetic marker of donor-derived cells. LTbR-Ig treatment eliminated FDC-M1 + CD21/35 + PrP + FDC before transplantation, and lymphocytic infiltrates were strongly reduced in number and size ( Figure S5C and data not shown). As a further control, we transplanted kidneys from WT mice that had been treated with LTbR-Ig or the isotype control. No TLT or other pathologic alterations were found by histology in these WT kidneys before transplantation (data not shown). At 12 weeks posttransplantation, kidneys were analyzed for the presence of FDC and TLT ( Figures  5C and S5D ). Transplanted RIP-Lta kidneys had regained FDC networks that were mostly Mfge8 + PrP + . Some Mfge8 + cells were found to be PrP À , but costaining for CD68 identified them as recipient-derived macrophages (Kranich et al., 2008) . Therefore autochthonous FDC precursors exist in nonlymphoid organs such as the kidney.
These and previous results suggest that the FDC precursor is a PDGFRb + cell present in the vasculature of lymphoid and nonlymphoid tissues. We tested this prediction by analyzing PDGFRb + cells from the white adipose tissue (WAT) of the perigonadal fat pad, whose vascular components can be easily isolated (Tang et al., 2008) . Whereas the mesenteric fat and the milky spots can contain lymphocytic clusters (Moro et al., 2010) , we did not detect lymphocytes in the perigonadal fat pad ( Figure S6A ). In particular, flow cytometry showed that CD23 high CD21/35 low follicular B cells, which are essential for FDC maturation, were absent ( Figure S6B ), whereas most hematopoietic cells were macrophages (CD45 + CD11b + , Figure S6C ). We next dissected stromal-vascular (SV) compartment of perigonadal fat and sorted PDGFRb + cells by FACS ( Figure S6D ; purity in this and subsequent sorts: 94%-98.9% FDC development, in agreement with our in vivo observations ( Figures 1C, 2D , and S1C). Differentiation of FDC requires activation of TNFR1 and LTbR; both were highly expressed in isolated fat PDGFRb + SV cells ( Figure 6A ). We then cultured these cells for 24 hr in the presence of agonistic anti-LTbR antibody and TNF, and analyzed the induction of FDC markers by qPCR ( Figure 6B ; Katakai et al., 2008) . We found upregulation of Vcam1, Icam1, Madcam1, and Enpp2 over isotype-treated cells, concomitant with loss of See also Figure S5 .
Pdgfrb expression. Mfge8 and Igfbp3 were not significantly changed (Figure 6B) . We did not detect Cd21 and Fcgr2b, possibly because the in vitro conditions did not supply all signals needed for terminal FDC differentiation. We then sorted PDGFRb + cells also from Rag2 À/À gc À/À perigonadal WAT, and determined FDC-related transcripts ( Figure S6G ). Mfge8 (113%), Cd21 (82%), and Tnfr1 (87%) were expressed at similar levels as in WT PDGFRb + cells;
Icam1 (77%) and Vcam1 (47%) were reduced, whereas Pdgfrb (160%) and Ltbr (146%) were slightly upregulated. Thus WT PDGFRb + cells did not show a more mature differentiation pattern for FDC. Because Rag2 Figure 6E ). Mfge8 + FDC also expressed FcgRIIb (Supp. 6I) and PrP ( Figure 6F ), and CD68 + Mfge8 + tingible body macrophages were detected within the lymphoid aggregates typical of active GC ( Figure 6F ). Aggregate formation appeared to be modulated by the immune status of recipient mice (Table S1) , with positive sponges typically harboring R10 conspicuous lymphoid foci; sponges containing no PDGFRb cells never developed such aggregates or FDC ( Figure S6J ). To deploy an additional genetic marker distinguishing between donor and host cells, we also transplanted PDGFRb + cells into Cd21/35 À/À hosts and injected IC-PE to test the functionality of generated FDC. Again, we had generated host-derived CD21/35 + FDC clusters capable of capturing IC in vivo ( Figure S6K and Table S1 ). 
DISCUSSION
FDC can arise almost anywhere during chronic inflammations triggered, for example, by viral infections and autoimmunity. This implies that the putative FDC precursor cell may be either ubiquitous and sessile (Bofill et al., 2000; Lee and Choe, 2003) , or it may possess considerable motility (Kapasi et al., 1998) . We report that (1) These findings suggest a hierarchy of discrete steps in FDC development (Figure 7) . The earliest PDGFRb + cells expressing Mfge8/Cxcl13 are found at perivascular sites in mice lacking all white pulp structures (Rag2
) as well as in developing neonatal spleens. These cells appear to represent FDC precursors, and we therefore termed them ''preFDC.'' Much evidence suggests that preFDC are the immediate precursors to mature FDC: they express many typical FDC markers, are radioresistant, and behave as stromal residents in bone marrow transfer experiments. Conversely, preFDC are not ultrastructurally recognizable as FDC, do not express complement receptors, and only minute amounts of Fcg receptors. Hence they are less specialized than mature FDC. Finally, preFDC express chemokines and adhesion molecules, suggesting relevance in the splenic microarchitecture.
In Rag2 À/À and SCID mice (Pasparakis et al., 2000; Wilke et al., 2010) and final FDC maturation requires not only LTi cells but also B cells (Fu et al., 1998; Tumanov et al., 2004) . Thus, even though LTi cells share with B cells the expression of most TNF ligands, such as LTab and TNF (Kim et al., 2006) , the factors provided by LTi cells are insufficient for terminal FDC differentiation. Perhaps the signals supplied by LTi are quantitatively insufficient, or B cells deliver additional factors crucial for conversion of marginal sinus preFDC into mature FDC (Tumanov et al., 2004) . The above mechanisms may also apply to the generation of ectopic follicles, with mural cells generating FDC at any vascularized site. Innate immune reactions by local cells may induce inflammation at the endothelium allowing extravasation of lymphocytes, which, in turn, provide LTab and lead to the upregulation of Mfge8/CXCL13 on perivascular cells (Aloisi and Pujol-Borrell, 2006; Ludewig et al., 1998; Mebius, 2003 
In Vivo Immune Complex Trapping
Adapted from (Phan et al., 2007) : 2 mg anti-phycoerythrin (PE) antibodies (Rocklands) were applied intraperitoneally (i.p.). Twelve hours later, mice were injected with PE (Invitrogen), 20 mg of i.p to target kidneys or subcutaneously (s.c.) into the flank with 10 mg to target inguinal lymph nodes and sacrificed 3-4 days later.
Depletion of Pdgfrb-Expressing Cells by Diphtheria Toxin Treatment
Eight-to 12-week-old PDGFRb-Cre + iDTR + , PDGFRb-Cre À , iDTR + male mice were treated for 3 days with 200 ng/day DT (Sigma) in PBS or PBS control i.p.
Immunohistochemical and Immunofluorescent Analysis
Cryosections were stained with hematoxylin/eosin (H&E) or primary antibodies and detection was performed using respective AP-coupled secondary and tertiary antibodies, Fast Red staining kit (Sigma) or on the Leica Bond-III IHC stainer. Tissues of mice expressing fluorescent protein reporters were pretreated before IF staining (Madisen et al., 2010) . For IF splenic cryosections were stained (antibodies in Supplemental Information) and analyzed by fluorescence microscopy (BX61, Olympus) or CLSM Leica SP5, image processing software: Photoshop and Imaris -Multicolor and 4D Image Processing and Analysis (Bitplane).
b-Galactosidase Histochemistry
See also Extended Experimental Procedures. Sections were stained in FeKCN(II)/(III) solution containing X-Gal (Promega).
In Situ RNA Hybridization See also Extended Experimental Procedures. Sections were incubated with DIG-labeled RNA probe in hybridization buffer. For detection an alkaline-phosphatase conjugated anti-DIG-antibody was used (Roche). For stainings with isolectin B4 (IB4), sections were incubated with biotinylated IB4 (Griffonia simplicifolia, Invitrogen) and avidin-FITC (BD biosciences) after the hybridization.
Isolation of Perigonadal White Adipose Stromal-Vascular Cell Fraction
Isolation of perivascular stromal cells was done as previously described (Tang et al., 2008) . Briefly, perigonadal white adipose depots were minced into pieces and tissue digested in stromal cell isolation buffer (DMEM containing 2% fetal calf serum [FCS] ) containing 1 mg/ml collagenase D (Roche) at 37 C. The suspension was passed through a 210 mm nylon and the adipocyte layer removed by aspiration and sorted by FACS (see FACS) to obtain a pure population of PDGFRb + SV cells.
Isolation of Stromal Cells from Inguinal Lymph Nodes
Protocol adapted from (Link et al., 2007) , mice with or without previous in vivo IC trapping were used. Details in Extended Experimental Procedures. LN were digested using collagenase IV, DNase I, and collagenase D. Cells were filtered through a 40 mm cell strainer and blocked 2% FCS, 2% mouse serum and anti-CD16/32 antibody (2.4G2), stained and subjected to FACS analysis (see FACS). 
FACS
